Abstract The effect of post-annealing on the structural and electrochromic properties of the Mo-doped V 2 O 5 thin films was investigated in this paper. With varying the annealing temperature, the interlayer distance is increased from 1.16 (as-deposited) to 1.38 nm (annealing at 250°C), and the enlarged interlayer spacing would facilitate ion movement in between the interlayers inside the electrochromic matrix. Therefore, both the optical modulation and color efficiency of the Mo-doped V 2 O 5 thin films are enhanced after appropriate post-annealing treatment. Our results demonstrate that Mo-doped V 2 O 5 material is one of the promising candidates to be used in multi-color electrochromic devices. Graphical Abstract The ability to modulate optical transmittance of the Mo-doped V 2 O 5 thin films is greatly enhanced by means of the larger interlayer distance after annealing.
Introduction
The electrochromic (EC) thin films have drawn great attentions over the past 50 years due to their numerous applications such as smart windows, auto rearview mirrors, large-area displays, color glasses, and space shuttles [1] [2] [3] [4] [5] . In particular, electrochromic material-based devices have multiple advantages such as low-voltage operation, lowenergy consumption, low-carbon green, and memory effect without power supply. Organic or transition metal oxide thin films are commonly used as the electrochromic layers. For example, Shaplov et al. [6] have reported all-polymerbased electrochromic devices (ECDs) using polymeric ionic liquids and poly (3,4-ethylenedioxythiophene) (PEDOT) thin films as the ion conductor and EC layers, respectively, demonstrating fast switching time (3-5 s), high coloration efficiency (up to 430 cm 2 /C), and satisfactory optical contrast (up to 28.5 %). Recently, organic ECDs composed of poly(1,4-bis(2-(3,4-ethylenedioxythiophene))naphthalene) and poly(2,6-bis(2-(3,4-ethylenedioxythiophene))naphthalene) have been constructed [7] , exhibiting reasonable optical contrasts and fast response time. However, organic electrochromic materials are always limited by long-term reliability, which is the bottleneck for real applications [8, 9] . Alternatively, transition metal oxides such as tungsten, vanadium, titanium, molybdenum, and nickel oxides could circumvent such circumstance. Among these inorganic materials, vanadium oxide thin films have been gained great interests, owing to their multi-color electrochromic behaviors [10] . V 2 O 5 thin films can be fabricated using either physical vapor deposition techniques (such as magnetron sputtering [11] , pulsed laser deposition [12] ), or solution-based techniques (such as sol-gel [13] , spin coating [14] , and electrochemical deposition). Structural and EC properties of the V 2 O 5 thin films depend not only on the deposition parameters but also post-annealing processes. For instance, it was demonstrated that [15] annealing treatment has a great impact on the optical and microstructural properties of the nanocrystalline V 2 O 5 thin films. The annealing-induced (at 500°C) pore structure could improve the charge/discharge rate efficiently. A multi-color electrochromic Mo-doped V 2 O 5 thin films with layered structure had been successfully prepared via electrochemical deposition method [16] ; however, the effect of post-annealing on structural and electrochromic properties of the Mo-doped V 2 O 5 thin films has not been clarified yet.
In this paper, the effect of post-annealing on the structural and electrochromic properties of the Mo-doped V 2 O 5 thin films was investigated. The Mo-doped V 2 O 5 thin films were characterized by X-ray diffraction (XRD), Raman spectra, electrochemical workstation, and UV-Vis-IR spectroscopy. It was revealed that the annealing process is indispensible to improve the optical and electrochemical properties of the EC films.
Experimental
The Mo-doped V 2 O 5 thin films were prepared by electrochemical deposition, as reported elsewhere. [17] The ITOcoated glass and the platinum foil were used as the working electrode and counter electrode, respectively. The Modoped V 2 O 5 thin films were deposited potentiostatically by applying a fixed potential of -0.3 V. After deposition, the thin films were dried in air at room temperature. The asdeposited Mo-doped V 2 O 5 thin films were annealed in air at different temperatures of 150, 200, 250, and 300°C for 2 h and then cooled down naturally.
The microstructure and optical properties of the Mo-doped V 2 O 5 thin films were analyzed by X-ray diffraction [XRD, Bruker D8 Advance using Cu-Ka (k = 0.154178 nm) radiation and a theta-2theta configuration], high-resolution transmission electron microscopy (HRTEM,JEOL2100), Raman spectra (Renishaw in Via Raman Microscope using excitation laser with wavelength of 633 nm), and UVVis-IR spectroscopy (PerkinElmer Lambda 950), respectively. The cyclic voltammetry measurement was taken in a potential range from ?1.0 to -1.0 V with a scan rate of 50 mV s -1 . 0.1 M LiClO 4 dissolved in propylene carbonate was used as the electrolytic solution. The thin films were polarized by applying voltage at ?1.0, ?0.3, -0.3, and -1.0 V for 40 s, respectively. The impedance spectra were measured on an electrochemical workstation (Zennium, IM6), covering the frequency range from 100 mHz to 10 kHz. Figure 1a shows the XRD patterns of the Mo-doped V 2 O 5 thin films on ITO-coated glass. The (00l) peak of the asdeposited Mo-doped V 2 O 5 thin film is located at 7.6°, while that of the Mo-doped V 2 O 5 thin films annealed at 150, 200, 250, and 300°C is centered at 7.4°, 7.2°, 7.1°, and 6.4°, respectively. Moreover, with increasing the annealing temperature, the (00l) peak of the Mo-doped V 2 O 5 thin films is further shifted to the lower angles. The (001) preferred orientation reveals that the Mo-doped V 2 O 5 thin films have a layered structure, which is beneficial for ion injection and extraction [18, 19] . Besides, the diffraction peaks located at 21.3°, 30.0°, 34.8°, 50.4°, 60.1°are attributed to polycrystalline ITO. The interlayer distance of the Mo-doped V 2 O 5 can be calculated by the Bragg formula [20] :
Results and discussion
where d is the interlayer distance, and h, n, and k the diffraction angle, the diffraction order, and the wavelength of the X-ray, respectively. The interlayer distance of the asdeposited Mo-doped V 2 O 5 thin film is calculated to be 1.16 nm, while that of the Mo-doped V 2 O 5 thin films annealed at 150, 200, 250, and 300°C is 1.20, 1.22, 1.25, and 1.38 nm, respectively. These results are consistent with the previous report [21] . It is obvious that the interlayer distance is increased after annealing treatment. In addition, the (001) peak intensity of the annealed Mo-doped V 2 O 5 thin films is attenuated with respect to the as-deposited ones, which is in a good agreement with the previous reports [17, 22] . The layered structure model of V 2 O 5 along the (001) direction is illustrated in Fig. 1b . Base-faced square-pyramidal V 2 O 5 units are arranged in parallel with an equal distance (d-spacing), as reported elsewhere [23] .
The detailed morphologies of the 250°C-annealed Modoped V 2 O 5 thin films are further investigated by TEM analysis, as presented in Fig. 1c, d . The layered structure of the thin films is shown in Fig. 1c . Similar results have also been observed for the layered Al-doped WO 3 thin films [24] . The HRTEM image (Fig. 1d ) of the thin film presents clear fringes with a fringe spacing of 0.28 and 0.36 nm, corresponding to the interplanar distance of (004) -1 ) after annealing is believed to be due to the enhancement of the element diffusion and the variation in interatomic forces, which is coupling with the increase in the interlayer distance. In fact, as reported previously [25] , the annealing treatment would trigger phase transition from VO 2 to V 2 O 5 due to the atom diffusion enhancement. In our case, no stretching vibration mode of V 4? -O-V 4? located at 879 cm -1 is observed for the Mo-doped V 2 O 5 thin films annealed at 250°C, in line with the previous literatures [26, 27] . Figure 3 displays the cyclic voltammograms for the Modoped V 2 O 5 thin films annealed at 250°C. There is no Fig. 1 a XRD thin films is determined to be ranging from 18 to 27 % in the spectral region of 600-850 nm. The maximal transmittance difference (DT max ) [20] at 850 nm between the bleached state and colored state is calculated to be 27 % for the as-deposited specimen. In comparison, the transmittance variation in the 250°C-annealed Mo-doped V 2 O 5 thin film is ranging from 20 to 45 % in the spectral region of 600-850 nm, and the DT max at 850 nm is 45 %, which is comparable with the previous literatures [29, 30] . The better performance of the annealed thin films is believed to be due to a larger amount of Li ? ions and electrons available to be involved into the electrochemical process, in which the layered structure affords an opportunity for the ions and electrons to be intercalated and deintercalated more easily and reversibly.
Another important criterion for the electrochromic materials is coloration efficiency (g), which is defined as the optical density change in response to the stored charge per unit area (i.e., square centimeter) during the coloration process, as expressed in the following equation [31] :
where DOD is the change in optical density, q is inserted (extracted) charge per unit area, and T bleached and T colored are the transmittance of the film in the bleached state and in the colored state, respectively. The coloration efficiency of the as-deposited and annealed Mo-doped V 2 O 5 thin films is calculated to be *22.2 and *42.7 cm 2 C -1 , respectively. For the annealing case, the higher coloration efficiency is consistent with the larger optical modulation. ions transport in the electrochemical process are described by the Nyquist plots as follows.
At ?1.0 V (Fig. 5a ), the Mo-doped V 2 O 5 thin films have an oxidation state, which is mainly composed of V 5? centers [31] . Thus, the Mo-doped V 2 O 5 thin films show a capacitive semicircle in the high-frequency region and diffusion behavior in the low-frequency domain. At the potential of ?1.0 V, partial V 5? ions are gotten reduced along with the extraction of Li ? ions from the Mo-doped V 2 O 5 layers, resulting in a red-orange color. At ?0.3 V (Fig. 5b) , a part of V 5? ions in the Mo-doped V 2 O 5 thin films are further reduced, displaying a dark green color. In this case, a capacitive semicircle in the high-frequency range and a straight line close to 90°at the low frequency are obtained, suggesting that the electrochemical reaction kinetics is controlled by the charge transfer between V 5?
and V 4? at high frequencies. At -0.3 V (Fig. 5c) , the plot exhibits a capacitive semicircle in the high-frequency region and a diffusion behavior in the low-frequency domain, similar to the plot at the potential of ?1.0 V. The charge-transfer resistance of the Mo-doped V 2 O 5 thin films at -0.3 V is higher than that at ?1.0 V. At -1.0 V (Fig. 5d) , the plot demonstrates a semicircle in the highfrequency region and a linear Warburg region in the lowfrequency region, which corresponds to the charge transfer and ion diffusion, respectively. This indicates that a larger number of V 5? are reduced into V 4? , and then, V 4? centers are formed in the Mo-doped V 2 O 5 thin films [28] .
Conclusions
In summary, the effect of post-annealing on the structural and electrochromic properties of the Mo-doped V 2 O 5 thin films was discussed. The optimum annealing temperature in our study was found to be 250°C. In comparison with the as-deposited state, the interlayer distance was increased from 1.16 to 1.38 nm after annealing at 250°C, which facilitates the reversible intercalation and deintercalation of Li ± ions. Resultantly, the coloration efficiency of the Modoped V 2 O 5 thin films annealed at 250°C was 42.7 cm 2 C -1 , while that of the as-deposited thin films was 22.2 cm 2 C -1 . High-performance multi-color (red-orange, dark green, blue, and purple blue) characteristics of the Mo-doped V 2 O 5 thin films were simultaneously obtained. All these results indicate that proper annealing treatment of Mo-doped V 2 O 5 thin films is necessary to boost the electrochromic performance. 
